INTRODUCTION
The absorption of D-glucose by the small intestine is a complex process representing the sequential transfer of glucose molecules across the luminal and contraluminal membranes of columnar epithelial cells. Crane (1962 Crane ( , 1965 first postulated that the energy required for glucose transport was derived from the flow of Na+ down a gradient of chemical potential present across the brushborder membrane. These studies using whole tissue preparations have defined the overall picture of transport. More recently, isolated plasma-membrane vesicles have been used to study small-intestinal transport processes (Hopfer et al., 1973) . By isolating the luminal and the contraluminal plasma membranes, it was possible to detect a polar distribution of transport systems in the cell envelope. The major advantage of this approach is the possibility of pre-setting the experimental conditions at both sides of the membrane at will. Moreover, tissue metabolism of substrates is not involved. Hopfer and co-workers, using isolated brush-border membrane vesicles (BBMV) from rat small intestine, unequivocally demonstrated the coupling of Na+ and D-glucose fluxes (Hopfer et al., 1973; . Moreover, phlorizin has been shown to inhibit the Na+-dependent uptake of D-glucose (Hopfer et al., 1973; .
Numerous studies have shown that D-glucose is absorbed by all regions of the small intestine, but the jejunum is the region responsible for most D-glucose absorption. Hopfer et al. (1976) , using rat intestinal BBMV, has shown jejunal transport of D-glucose to be 2-3 times faster than transport in the ileum. Some perfusion studies have shown that the ileum is unable to transport glucose against a concentration gradient (Love, 1968) .
Most of the definitive studies which have characterized D-glucose transport have been performed in animals (Hopfer et al., 1973 (Hopfer et al., , 1975 . A number of incubation techniques and perfusion studies have defined the overall process of D-glucose transport in man (Modiglinani & Bernier, 1971; Cook, 1973; Phillips & McGill, 1973) . Studies in vitro using intact epithelial cells from human mucosal biopsies have been successful in diagnosing specific defects responsible for specific malabsorption states (Wimberly et al., 1973) . Only one study has examined D-glucose transport in man by using BBMV (Lucke et al., 1978) .
More recently, investigators have focused on the longitudinal specialization of human small intestine and have shown that the intestinal brush-border membrane disaccharidases, sucrase and lactase, have the greatest activity in the proximal jejunum (Triadon et al., 1983) . However, the aboral changes in D-glucose transport at the membrane level are unknown in man. -Thus we investigated D-glucose transport across BBMV prepared from segments of normal jejunum and mid and terminal (near the ileocaecal valve) ileum of man.
MATERIALS AND METHODS Materials
D-[6-3H(n)]Glucose (33.1 Ci/mmol) was purchased from New England Nuclear Corp. (Boston, MA, U.S.A.). Enzymes and substrates for leucine aminopeptidase were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Cellulose nitrate filters (0.45 ,um pore size) were obtained from Sartorius Filters (Hayward, CA, U.S.A.). All other chemicals were of the highest purity available. Selection of patients Segments (5 cm long) ofhistologically normaljejunum, mid and terminal ileum adjacent to diseased segments were obtained during surgery. Permission of the Human Research Committee was obtained and informed consent was secured from the subjects. Six jejunum (five tumour, one obstruction), three mid-ileum (tumours) and three terminal ileum (two tumours, one obstruction) segments were obtained. One entire intestine was obtained from a transplant donor. Ages of patients were 35 to 55 years (mean 43 + 7). Isolation of brush-border membrane vesicles Specimens were immediately rinsed with ice-cold Ringer's lactate solution. The mucosa was scraped from each segment, and BBMV were prepared by using a modified bivalent-cation precipitation method originally described for kidney BBMV (Evers et al., 1978) . Preparations were maintained at approx. 4°C at all times. Mucosal scrapings were placed in 60 ml of mannitol buffer (300 mM-mannitol/5 mM-EGTA/12 mM-Tris/ HCI, pH 7.1) and 240 ml of cold distilled water and then homogenized with a Waring-blender-type homogenizer at maximum speed. The homogenate was treated with 3 ml of 1 M-MgCl2 and centrifuged at 3000 g for 15 min.
water bath. The concentration of D-glucose was constant at 0.1 mm. At the desired time interval (20 s, 1, 2 and 20 min), a 20 1u sample was removed from the incubation suspension and diluted in 1 ml of ice-cold stop solution (100 mM-mannitol/100 mM-NaCl/10 mM-K3PO4/0.2 mM-phlorizin). The stop solution containing vesicles was immediately pipetted on to the middle of pre-wetted micropore filters (cellulose nitrate) and kept under suction. The filter was washed with 5 ml of ice-cold stop solution and then dissolved in Bray's solution (New England Nuclear). The The purity of the membranes were assessed by the measurement of leucine aminopeptidase, an enzyme marker for intestinal brush-border membrane, with the Sigma kit no. 251. The procedure is based on the principle that leucine aminopeptidase cleaves a substrate L-leucylfl-naphthylamide to leucine+fl-naphthylamine, which can be measured spectrophotometrically. (Na++K+)-dependent ATPase was measured as described by Wilson & Treanor (1981) . Cytochrome oxidase and NADPH:cytochrome c reductase were assayed as described by Beaufay et al. (1974) . Transport studies Uptake of radiolabelled D-glucose by BBMV was measuredbythemembrane-filtrationtechniquepreviously described (Hopfer et al., 1973) . Table 1 depicts the specific activity of leucine aminopeptidase in mucosal homogenates and BBMV prepared from jejunum, mid-ileum and terminal ileum. There was-a, 20-26-fold enrichment of brush-border leucine aminopeptidase compared with total mucosal homogenate. There was either minimal or no enrichment of (Na+ + K+)-ATPase, of cytochrome oxidase or cytochrome c reductase enzymes, indicating minimal contamination with basola-teral, mitochondrial or endoplasmic-reticulum systems respectively. Using a similar cation precipitation technique, we have obtained similar enrichment of these marker enzymes in the rat . Similar enrichment of brush-border enzyme markers was reported by other investigators (Murer & Kinne, 1980) . Brush-border membranes prepared by this method are 90% right-side-out (Murer & Kinne, 1980) . Transport properties Jejunum. Fig. 1 depicts D-glucose uptake by jejunal BBMV. In the presence of a Na+ gradient across the vesicle, there was-a transient initial 'overshoot' at 20 s, compared with equilibrium uptake at 20 min. At the peak of 'overshoot', the accumulation of D-glucose was approx. 3 times the equilibrium value. By 20 min, the accumulation of D-glucose decreased to equilibrium values and reflected efflux from the vesicles. The (Murer & Kinne, 1980) .
RESULTS

Purity of the membrane vesicles
The role of the membrane electrical potential was examined by determining D-glucose uptake by BBMV under conditions in which membrane potentials were induced experimentally by the ionophore valinomycin. Valinomycin mediates the electrogenic movement of K+ down its concentration gradient, thus setting up an electrical potential across the membrane (McLaughlin & Eisenberg, 1975; Wilson & Treanor, 1981) . When BBMV were preincubated withl K+ and then assayed for Na+-dependent glucose transport in the presence of valinomycin, a greatly enhanced 'overshoot' resulted ( Fig. 1) . The development of this electrical potential accelerated the influx of Na+ and D-glucose, indicating that D-glucose uptake is driven by the imposed electrical potential.
Mid-ileum. Fig. 2 depicts D-glucose transport by mid-ileal BBMV. In the presence ofa Na+ gradient across the vesicle, the 'overshoot' phenomenon occurred. The peak 'overshoot' accumulation ofD-glucose was approximately twice the equilibrium value. The 'overshoot' values in mid-ileum were significantly less than corresponding values in the jejunum (P < 0.05). The presence of the K+ gradient resulted in no 'overshoot' uptake of D-glucose.
Terminal ileum. Fig. 3 depicts the D-glucose uptake by BBMV prepared from terminal ileum (near the ileocaecal valve). No 'overshoot' accumulation of D-glucose occurred in the presence of a Na+ gradient, and initial uptake was not significantly different from equilibrium values (P > 0.05). The uptake of D-glucose at 20 s in the presence of a Na+ gradient did not differ from the transport that occurred in the presence of the K+ gradient (P > 0.05). Moreover, uptake experiments were done at 25°C to determine whether this finding is related to the conditions set. Uptakes at 20 s, 1, 2, 5 and 20 min were 70+5, 75+2, 68+2, 80+6 and 100+12 pmol/mg of protein respectively. These values are not different from uptake values at 37°C (Fig. 3) . Furthermore, to determine whether segments of the terminal ileum are Vol. 237 functional, taurocholate uptake was determined in the presence of Na+ and K+ gradients. Fig. 4 (Barnard et al., 1985) . To determine further the internal binding of bile acids, efflux experiments were conducted. Membrane vesicles were loaded with either 0.1 mMtaurocholate or 0.1 mM-D-glucose in the presence of 100 mM-NaCl, 100 mM-mannitol and 20 mM-Hepes/Tris (pH 7.4) and then incubated in 300 mM-mannitol/ 20 mM-Hepes/Tris (pH 7.4). Effilux was determined at 1, 2, 5 and 60 min. The amount of radioactivity remaining in the vesicles at all time points was significantly greater for [3H]taurocholate than for D-glucose, indicating significant internal binding of bile acids (Fig. 5) .
Tracer-exchange studies
To determine whether the difference in the magnitude of the overshoot with Na+ gradient was secondary to changes in the Na+-solute co-transporter activity (putative carrier), counter-transport studies were performed under conditions of Na+ and D-glucose equilibrium. Tracer-exchange studies were selected because of the difficulties in interpreting kinetic data obtained with vesicle preparations. Because of the heterogeneity of the vesicle preparations and the changes in trans-membrane sodium and electrical gradients owing to substrate fluxes, kinetic data may not be meaningful. Tracer-exchange studies provide a constant [Na+] and therefore are suitable alternatives for the study of kinetic parameters (Hopfer, 1978) . The vesicles from jejunum, mid and terminal ileum were preincubated with unlabelled D-glucose, Na+ and ._; gramicidin (gramicidin is an ionophore which increases the cation conductance of membranes and therefore nullifies the development of an electrical gradient secondary to Na+/D-glucose efflux from the vesicles). Initial uptake in the jejunum differed significantly from that in the mid-ileum and the terminal ileum ( Table 2 ). The change in activity indicates that the activity of glucose transporters diminishes aborally. Equilibrium values were reached only at 60 min; the number and/or activity of the glucose carriers were less in the terminal ileum. Therefore, in the absence of electrochemical potential it took more than 20 min to achieve equilibrium.
DISCUSSION
The present studies demonstrate that BBMV can be prepared from segments of human small intestine. The purity of the membranes was validated by functional criteria and was demonstrated by the enrichment of the brush-border enzyme leucine aminopeptidases in the final BBMV preparations.
The imposition of an extravesicular-to-intravesicular Na+ gradient brought about the transient accumulation 'overshoot' of D-glucose in the jejunal and mid-ileal BBMV that was several-fold higher than that attained at equilibrium. The 'overshoot' values, however, were significantly higher in the jejunum than the mid-ileum (P < 0.05). The imposition of a Na+ gradient in BBMV prepared from terminal ileum resulted in no 'overshoot' in D-glucose uptake. The imposition of a K+ gradient resulted in no 'overshoot' accumulation of D-glucose in BBMV prepared from jejunum, mid and terminal ileum. These results indicated that the process of D-glucose uptake is Na+-dependent in the jejunum and mid-ileum, but not in the terminal ileum. The data for jejunal D-glucose uptake are similar to those previously reported Vol. 237 Table 2 . Regional changes in tracer-exchange experiments BBMV from jejunum, mid-ileum and terminal ileum were preincubated for 60 min with 100 mM-mannitol, 100 mM-NaCl, 0.1 mM-D-gluCose, 20 mM-Hepes/Tris buffer (pH 7.4) and 6 ,g of gramicidin/ml. The reaction was started by the addition of20,u ofpreincubated vesicles to 10 ml of incubation medium containing 100 mmmannitol, 100 mM-NaCl, 0.1 mM-D-glucose and 50 ,sCi of radiolabelled D-glucose. Samples were taken at 0. (Triadon et al., 1983) ; however, to our knowledge there are no studies describing mid-and terminal-ileum D-glucose uptake at the membrane level in man. The addition of valinomycin to KCl-preincubated jejunal BBMV enhanced the Na+-dependent transport. This supports the electrogenic nature ofD-glucose transport in the proximal small intestine. The data for D-glucose transport in the mid-ileum are similar to the observations by Hopfer et al. (1976) for D-glucose transport by rat ileal brush-border membrane vesicles. To determine the mechanism for the increase in the ' overshoot' in thejejunum compared with the mid-ileum, and the absence of 'overshoot' in the terminal ileum, tracer-exchange studies were performed. By using gramicidin, all electrochemical gradients across the BBMV were nullified. The resulting D-glucose uptake therefore reflected Na+-glucose co-transporter activity. As seen in Table 2 , this co-transporter activity diminished aborally. This difference in the putative carrier partially explains the greater 'overshoot' in the jejunum compared with the ileum.
The absence of the 'overshoot' phenomenon and decrease in Na+-glucose co-transporter activity in BBMV prepared from terminal ileum indicates that this region of the small intestine plays a minimal role in overall glucose absorption in man. The data further suggest that the transport of D-glucose in the terminal ileum is non-Na+-dependent and resembles the type of D-glucose transport present in the colon (Long et al., 1967; Heaton, 1972; Wingate et al., 1973) .
Our studies demonstrate that transport studies using BBMV are feasible in man. We demonstrated that D-glucose uptake is Na+-dependent and electrogenic in the proximal small intestine, which supports other studies on human D-glucose transport (Modiglinani & Bernier, 1971; Cook, 1973; Phillips & McGill, 1973; Hopfer et al., 1975) .
In our studies, D-glucose transport was minimal in the terminal ileum (near the ileocaecal valve) and did not appear Na+-dependent. This, in part, is explained by the diminished Na+-glucose co-transporter activity.
